, we know of no case for TRP pounds such as menthol and eucalyptol. TRPM8 is also channels in which there is codependency of activation, activated by the synthetic "super-cooling agent" icilin wherein channel gating requires the simultaneous pres-(AG-3-5), which is structurally unrelated to menthol and ence of two independent coagonists. Here, we illustrate the potential for this mechanism as it applies to TRP channels by demonstrating that significant or maximal activation of TRPM8 by icilin requires simultaneous exicin/heat receptor TRPV1 (Jordt et al., 2000; Tominaga et al., 1998; Welch et al., 2000) . Such a mechanism posure of the channel to intracellular calcium ions. In predicts that one would see a rapid effect of Ca 2ϩ upon contrast, menthol or cold can directly and robustly gate extracellular application, but this is not consistent with TRPM8 in a membrane-delimited fashion, even when the variable latencies that we observed when icilinall calcium ions are strongly buffered. This differential evoked channel activation was measured in the wholerequirement for coagonists illustrates the potential for cell configuration in the presence of extracellular cal-TRPM8 to detect various combinations of environmental cium ( Figure 1B) . Alternatively, influx of extracellular cues as a mechanism for expanding its sensory reperCa 2ϩ into the cell may be required to enhance icilin's toire. While many TRP channels have been identified in efficacy. Indeed, this appears to be the case, since icilinthe genome, little is known about their gating mechaevoked currents in TRPM8-expressing oocytes were nisms. Our findings suggest that some TRP channels abolished when the Ca 2ϩ chelator BAPTA was injected may serve as coincidence detectors whose full activainto the cell, whereas activation by menthol was unaftion requires the simultaneous presence of two or more fected ( Figure 2B Figure 3B ). Furthermore, we found that icilin readily served when Ca 2ϩ was replenished in the extracellular potentiated cold-evoked currents ( Figure 3C ) and parrecording solution ( Figure 1C) the pipette. Since TRPM8 is slightly activated at room plus a Ca 2ϩ ionophore was not sufficient to activate the channel in the absence of icilin. Apparently, interaction temperature (21ЊC), small basal TRPM8-mediated currents were observed just as the seal was formed (Figure of Ca 2ϩ with the extracellular domain of TRPM8 was not required for channel stimulation, since currents were 4A). We then perfused the exposed half of the cell with an icilin (10 M) solution containing EGTA (1 mM). Icilin readily observed when Ca 2ϩ in the patch electrode was completely buffered by EGTA. We also tested the effects was apparently able to diffuse freely across the plasma membrane and cytoplasm to activate channels in the of calcium on other chemical or physical activators of TRPM8, including menthol, isopulegol, WS-3 (N-ethylpatch, as evidenced by a small stimulation of the basal current. Subsequent addition of icilin plus Ca 2ϩ (1 mM) p-methane-3-carboxamide), and cold, and found that stimulation is specific for icilin ( Figure 4C ). Indeed, coapproduced biphasic modulation of TRPM8 current, characterized by an initial stimulation followed by desensitiplication of Ca 2ϩ with menthol resulted in only a modest desensitization of TRPM8 currents ( Figure 4D ). Icilin thus zation ( Figure 4A) , similar to that which we observed in standard whole-cell recordings. All currents subsided defines a special modality for TRPM8 activation that mandates intracellular Ca 2ϩ as a cofactor for achieving immediately upon icilin washout, and no responses were observed in vector-transfected control cells exposed full agonist efficacy. We next asked whether an increase in intracellular free to icilin plus Ca 2ϩ (data not shown). Based on these observations, we conclude that resting cytoplasmic Ca 2ϩ from sources other than entry via TRPM8 channels could exert a similar stimulatory effect. We therefore Ca 2ϩ is sufficient to support weak activation of TRPM8 by icilin or that icilin facilitates thermal activation of the coexpressed the phospholipase C-coupled m1 muscarinic acetylcholine receptor (mAChR) with TRPM8 in channel at room temperature; subsequent influx of Ca These results demonstrate that an increase in intracellular Ca 2ϩ is sufficient to enhance icilin-induced TRPM8 on icilin activation had a steep dependence on Ca 2ϩ levels in this permeabilized half-cell mode ( Figure 5B ) current, but they still do not say whether Ca 2ϩ exerts its stimulatory effect by a direct action on the channel or and exhibited agonist specificity in that similar treatment of menthol-activated currents simply displayed modervia other Ca 2ϩ effectors. To address this issue, we developed a preparation aimed at reducing the extent of ate inhibition, as observed in whole-cell recordings (Figure 5C ). Simultaneous application of icilin and Ca 2ϩ to TRPM8 rundown while facilitating access to the cytoplasmic side of the receptor. This was achieved by the permeabilized cell induced TRPM8 currents with little or no latency in all cells examined, as compared scraping the exposed portion of the patch-clamped HEK293 cell so as to establish a "permeabilized halfwith the variable latency associated with whole-cell recordings. Furthermore, these responses were of compacell" preparation. To validate this method, we showed that calcium-dependent activation of human SK potasrable size to those evoked by menthol, demonstrating that the variable latency and efficacy associated with sium channels in transfected HEK293 cells was only observed after scraping ( Figure 5B ). TRPM8-evoked icilin in the whole-cell configuration can be circumvented by providing access of calcium to the cytoplasm. currents could be recorded for approximately 2 to 5 min in this configuration, albeit with some reduction (5-to
We also asked whether other IIA group divalent ions could replace Ca 2ϩ in this stimulatory action. Ba 2ϩ , a 10-fold) in agonist sensitivity. Nonetheless, we readily this sequence, we identified a full-length TRPM8 ortholog from a chicken dorsal root ganglion cDNA library In light of the very selective effects of Ca 2ϩ on icilin action, we were curious to know whether sensitivity of whose predicted amino acid sequence shows 79% identity and 88% similarity to rTRPM8. When expressed in TRPM8 to icilin could be structurally dissociated from that of other agonists. To address this question, we oocytes, chicken TRPM8 (cTRPM8) was activated by cold thermal stimuli, albeit with an apparently higher asked whether species orthologs of TRPM8 might exhibit differential sensitivities to chemical and physical thermal threshold (34ЊC) compared to rTRPM8 (26ЊC) (Figure 6A ), presumably reflecting the higher core body stimuli, in which case such functional differences could be linked to minor genetic drift in protein sequence.
temperature of birds compared with mammals. Menthol also produced robust responses in cTRPM8-expressing Indeed, this approach has been used to great effect for identifying critical regions of the capsaicin receptor oocytes, with somewhat greater potency compared to Figures 7B and 7D) . Moreover, substitution of the corresponding residue in cTRPM8 to that found in the rat versus 62.1 Ϯ 3.1 M for rTRPM8) ( Figure 6B ). Moreover, as previously observed with rTRPM8, warm temperareceptor (A796G) conferred robust icilin sensitivity to the chicken channel ( Figure 7C ). tures inhibited menthol-evoked responses in cells expressing the chick channel ( Figure 6C ). In striking conThese results demonstrate that a single residue within the third transmembrane domain, at position 805 of trast to these functional similarities, the avian receptor was completely insensitive to icilin, even when this agorTRPM8, accounts for differential sensitivity to icilin. However, other residues conserved between chicken nist was applied together with extracellular Ca 2ϩ for a prolonged period (Ͼ10 min) and at 10-fold greater conand rat receptors might also contribute to icilin sensitivity. To identify such sites, we performed alanine scancentrations (100 M) than that required to maximally activate rTRPM8 ( Figure 6D) . A selective loss of icilin ning mutagenesis within a portion of the channel flanking position 805, covering a segment spanning TM2 sensitivity was also observed by calcium imaging in cTRPM8-expressing HEK293 cells ( Figure 6E) . through TM3 in rat TRPM8. The resulting mutants were expressed in HEK293 cells and analyzed for sensitivity To identify the structural determinants underlying icilin sensitivity, we generated a series of rat-chicken to cooling compounds by calcium imaging. Mutations at two additional positions, N799 and D802, were found TRPM8 chimeras (Supplemental Figure S1 at http://www. neuron.org/cgi/content/full/43/6/859/DC1). Transfer to abrogate icilin sensitivity while retaining sensitivity to menthol ( Figure 7D ) or cold. Further substitution of the of the putative TM2 and TM3 regions from the rat to chicken TRPM8 channel was sufficient to confer icilin negatively charged aspartate at position 802 with aromatic (Y), polar (S), acidic (E), neutral (N and Q), or basic sensitivity to the resulting chimera (rS23cL). Within these segments, rat and avian receptors differ at only five (H and K) amino acids resulted in icilin-insensitive receptors exhibiting wild-type responses to menthol or cold, amino acids ( Figure 7A ). Mutating rTRPM8 to the corresponding residue in the chick receptor at four of these indicating a specific requirement for aspartate at this position with regard to icilin sensitivity. In contrast, the positions (V743I, A747V, L806I, or F815L) had no effect on cold, menthol, or icilin sensitivity. In contrast, reasparagine at position 799 could be replaced with aspartate or glutamine without affecting icilin sensitivity, but placement of glycine with alanine at position 805 (G805A) in the rat channel led to a selective loss of icilin not by glutamate or tyrosine (data not shown). Alanine replacements at all other positions in the region spansensitivity, thereby phenocopying the chicken channel ning TM2 and TM3 had no specific effect on icilin sensia greater effect on interaction with icilin. We also asked whether mutations in this region abrogate the Ca 2ϩ -tivity or led to a generalized decrease in channel expression or response to all three stimuli (data not shown). dependent desensitization of menthol-activated TRPM8 currents (as shown in Figure 4D ) but found that all three Taken together, these results highlight three residues within TM3 or the cytoplasmic loop between TM2 and mutants remained desensitized upon exposure of the cells to menthol plus Ca 2ϩ (data not shown bers of the TRP channel family may, in some cases, require that multiple inputs be present simultaneously.
